We study effects of the scale invariant hidden sector, unparticle, proposed by Georgi, on top spin correlation at the Large Hadron Collider. Assuming no flavor changing interaction between the unparticles and the Standard Model particles, there arises the top-antitop quark pair production process through virtual unparticle exchanges in the s-channel in addition to the Standard Model processes. In particular, we consider contributions of scalar and vector unparticles and find that these make sizable deviations of the top spin correlation from the Standard Model one.
Introduction
The Standard Model (SM) quite successfully describes phenomena around the electroweak scale.
However, it is widely believed that new physics beyond the SM appears around the TeV scale or higher. Recently Georgi proposed a conceptually new possibility that a scale invariant new physics with an infrared fixed point couples to the SM sector [1, 2] , based on a specific model possessing the scale invariance [3] . Interactions between the new physics sector and the SM sector are realized in the following way. First we introduce couplings between new physics operator O UV with mass dimension d UV , which is singlet under the SM gauge group, and the SM operator O SM with mass dimension d SM at a mass scale M
where c n is a dimensionless constant. It is assumed that new physics sector has an infrared fixed point at a scale Λ UV , below which the operator O UV matches onto a new (composite) operator O U with dimension d U through the dimensional transmutation. As a result, the effective interaction term arises of the form [1] and their two-point functions were derived by the argument based on the scale invariance [2, 4] . By using them, new phenomena such as direct unparticle emission processes [1] and virtual unparticle exchange processes [2, 4] were also discussed. In particular virtual unparticle exchange process is interesting since unparticles with a possible different spin nature affect spin configuration and angular distribution of outgoing SM particles.
A suitable candidate to see effects of virtual unparticles exchange is top spin correlations in the top-antitop pair production process. The top quark with mass range of 175 GeV [5] decays electroweakly before hadronizing [6] , and thus the information of polarization of the top-antitop quark pair is directly transferred to its decay products without diluting by hadronization. The spin correlations for the hadronic top-antitop pair production process have been extensively studied in the quantum chromodynamics (QCD) [7, 8, 9] . It is then found that there is a spin asymmetry between the produced top-antitop pairs, namely, the number of produced top-antitop quark pairs with both spin up or spin down (like pairs) is different from the number of pairs with the opposite spin combinations (unlike pairs). If the top quark is coupled to new physics beyond the SM, new physics effects could alter the top-antitop spin correlations. Therefore, the top-antitop spin correlations can provide useful information to test not only the SM but also a possible new physics. Effects of new physics on the top-antitop spin correlations have been studied at the e + e − collider [10] and the photon collider [11] . It should be noticed that the Large Hadron Collider (LHC) is a promising laboratory to study the top-antitop quark production and the top spin correlations, since it will produce almost 10 millions of top quarks a year. Effects of several new physics models such as the Kaluza-Klein gravitons in the brane world models [12, 13] and Z ′ -boson [14] on the top spin correlations at the LHC were studied and sizable deviations of the top spin correlations from the SM one were found. Also analysis of the top spin correlations through possible new physics has been performed in a model independent way with the use of Monte-Carlo simulation [15] .
So far there are some studies of effects of unparticles on top-antitop quark pair production process. The total cross section of top-antitop quark pair production through virtual unparticle exchanges was studied at hadron colliders [16] , the International Linear Collider (ILC) [17] and the photon collider [18] . For the ILC and the photon collider, the top spin correlation was also studied [19] [20] . In this paper we investigate effects of scalar and vector unparticles on the topantitop pair production and its spin correlations at the LHC. In addition to the SM processes, the unparticle gives rise to a new contribution for the top-antitop pair production process in the s-channel through the effective coupling (1.2) and alters the top-antitop pair production cross section and the top spin correlations from the SM ones.
This paper is organized as follows. In the next section, we briefly review the top spin correlations. In section 3, we give a brief review on the basics of unparticle physics. In section 4, we derive the invariant amplitudes for the polarized top-antitop pair production processes mediated by the scalar and vector unparticles. We show the results of our numerical analysis in section 5.
Section 6 is devoted to conclusions. Appendix ensembles formulas used in our calculations.
Top spin correlation
At hadron collider, the top-antitop quark pair is produced through the processes of quarkantiquark pair annihilation and gluon fusion:
The former is the dominant process at the Tevatron, while the latter is dominant at the LHC.
The produced top-antitop pairs decay before hadronization takes place. The main decay modes in the SM involve leptonic and hadronic modes:
where l = e, µ, τ . The differential decay rates to a decay product f = b, l + , ν l , etc. at the top quark rest frame can be parameterized as
where Γ is the partial decay width of the respective decay channel and θ f is the angle between the top quark polarization and the direction of motion of the decay product f . The coefficient κ f called the top spin analyzing power is a constant between −1 and 1. The ability to distinguish the polarization of the top quark evidently increases with κ f . The most powerful spin analyzer is a charged lepton, for which κ l + = +1 at tree level [21] . Other values of κ f are κ b = −0.41 for the b-quark and κ ν l = −0.31 for the ν l , respectively. In hadronic decay modes, the role of the charged lepton is replaced by thed ors quark.
Now we see how top spin correlations appear in the chain of processes of i → tt and decay of the top quarks. The total matrix element squared for the top-antitop pair production (2.1) and its decay channels (2.2) is given by
in the narrow-width approximation for the top quark. Here the subscripts denote the top and antitop spin indices, and R i denotes the density matrix corresponding to the production of the on-shell top-antitop quark pair through the process i in (2.1):
where M(i → t αtβ ) is the amplitude for the top-antitop pair production. The matrices ρ and ρ are the density matrices corresponding to the decays of polarized top and antitop quarks into some final states at the top and antitop rest frame, respectively. In the leptonic decay modes, the matrices ρ, which lead to (2.3), can be obtained as (see, for instance, [22] ) A way to analyze the top-antitop spin correlations is to see the angular correlations of two charged leptons l + l − produced by the top-antitop quark leptonic decays. In the following, we consider only the leptonic decay channels. Using (2.4)-(2.6) and integrating over the azimuthal angles of the charged leptons, we obtain the following double distribution [7, 8] 1 σ
Here σ denotes the cross section for the process of the leptonic decay modes, and θ l + (θ l quarks, and C encodes the top spin correlations, whose explicit expression is given by
where the coefficient A represents the spin asymmetry between the produced top-antitop pairs with like and unlike spin pairs defined as
Here σ(t αtβ ) is the cross section of the top-antitop pair production at parton level with denoted spin indices.
In the SM, at the lowest order of α s , the spin asymmetry is found to be A = +0.319 for the LHC 2 . At the LHC in the ATLAS experiment, the spin asymmetry of the top-antitop pairs will
be measured with a precision of several percent, after one LHC year at low luminosity (10 fb −1 ) [27] . This accuracy can enhance the feasibility to find new physics effects at the LHC through the top spin correlation.
Unparticle physics
We briefly review derivations of two-point functions of scalar and vector unparticles, which are relevant for our analysis. It was argued in [2] that the scale invariance can be used to fix the two-point function of unparticle operators
where
The spectral function ρ(P 2 ) is determined by scale invariance to be ρ(
This factor is fixed by identifying ρ(P 2 ) with d U -body phase space of massless particle to be
With the use of the spectral function ρ(P 2 ) and requiring scale invariance, we can define the Feynman propagator. The propagator for the scalar unparticle is given by [2] 
and similarly for the vector unparticle (with only the transverse mode)
We could also consider the rigid conformal invariance as a symmetry of hidden sector [25, 26] .
By requiring conformal invariance, the scalar unparticle propagator remains the same form while the vector unparticle propagator is modified to
In Ref. [26] , the theoretical bound of the scaling dimension was obtained from unitarity argument in this case. The scaling dimension for the scalar unparticle is constrained as d U ≥ 1 while for the vector unparticle the bound is d U ≥ 3. The vector unparticle interaction with the latter bound is very suppressed and it would not cause sizable deviation from the SM. In this paper, we will concentrate on the scale invariant hidden sector, but we will also show some results for the conformal invariant hidden sector with the scaling dimension d U = 3.01, satisfying the above-mentioned bound (see Table 1 ) 3 .
In the following we list operators composed of SM fields and derivatives which are relevant in our consideration. Relevant effective interactions of the scalar unparticle with the SM fields are given by, for gluon
where λ gg is a constant. For fermions we have (up to dimensionless coefficients),
where Q L is a left-handed quark, and U R (D R ) denotes a right-handed up(down)-type quark. The interactions with fermions can be simplified by utilizing the equation of motion for a fermion
where m f is a fermion mass. Consequently, (3.7) and (3.8) are summarized to be Possible interacting terms with the vector unparticle are
They are also simplified as 
Amplitudes
In this section we calculate the squared invariant amplitudes for→ tt and gg → tt processes.
First we consider effect of the scalar unparticle. In this case, we only consider the gg → tt process for new contribution by the scalar unparticle, because the→ tt process is proportional to light quark mass and hence negligible.
Since there is no interference between the QCD and the scalar unparticle mediated processes, the squared amplitude for the gg → tt process is simply given by
where M QCD is the amplitude of the QCD process and M SU is the contribution of the scalar unparticle. We calculate the helicity decomposition of the above amplitude with respect to the final top spin polarization. For the squared amplitude for the QCD process with the gg initial state, we have
where g s is the strong coupling constant, β t = 1 − 4m 2 t /s, m t is the top quark mass, √ s is energy of colliding partons and θ is the scattering angle between incoming quark and outgoing top quark. The form of Y(β t , θ) is defined by
The squared helicity amplitude mediated by scalar unparticle is written by
where λ i (i = 1, 2) = ±1 are the initial spins of gluons, γ = ±(δ = ±) denotes spin up/down for the final state top (antitop) quark. The amplitude M SU (λ 1 λ 2 → t γtδ ) is the helicity decomposition of M SU (gg → t γtδ ) with respect to the initial spins, given by
For the→ tt process, we have
where M QCD and M NC are the amplitudes of the QCD and the neutral current processes, respectively. The helicity decomposition of M QCD with respect to the final state is given by
The helicity amplitude of M NC is written as
where M NC (α, β; γ, δ) are the helicity amplitudes and the symbols α(γ) and β(δ) denote initial (final) spin states for quark and antiquark, respectively. They are described by (color factor is suppressed)
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with the decay widths of Z boson Γ Z given by
Here M Z is the mass of the Z-boson and β
Couplings, charges and the decay widths Γ Z are explicitly given in Appendix A.
Next we calculate the case for the vector unparticle. It contributes to the quark annihilation process→ tt in the s, t and u-channels in addition to the Standard Model processes. In our analysis, we assume no flavor violating processes and therefore we only consider the vector unparticle exchange in s-channel process. A total amplitude for quark annihilation process is given by 19) where M NC is the neutral current process, M QCD is the QCD process given in (4.9) and (4.10), and M VU is the contribution of the vector unparticle. Since there is no interference between the QCD process and other processes, the squared amplitude is written as
The helicity amplitude of the neutral current process and the vector unparticle mediated process is described by
where M VU (α, β; γ, δ) are the decompositions of the helicity amplitudes M VU (qq → t γtδ ) with respect to the initial spin.
The helicity amplitudes mediated by the vector unparticle M VU (α, β; γ, δ) are given by
where c 
Numerical analysis
Here we show various numerical results and demonstrate interesting properties of measurable quantities. In our analysis we use the parton distribution function of CTEQ6L [24] with the analysis the SM prediction is found to be 6.7
−0.9 pb [29] . Scaling our results to the NNLO value, we estimate the error of the Tevatron measurement as ±1.2 pb and apply this error bar to obtain the lower bound on d U (see Fig. 4) . From the plots, we find that there is no bound on d U (≥ 1) for the scalar unparticle while d U ≥ 1.2 for the vector unparticle.
With the lower bound on d U from the Tevatron experiment, we now consider the unparticle effects on top-antitop production process at the LHC. The dependence of the cross section on the top-antitop invariant mass M tt is given by
Figs. 5 and 6 show the same dependence for the case of the scalar and the vector unparticles.
Here, the decomposition of the total cross section into the like (t ↑t↑ + t ↓t↓ ) and unlike (t ↑t↓ + t ↓t↑ ) top-antitop spin pairs is also shown. 
Conclusion
We have studied the top-antitop pair production and the top spin correlations with the scalar and the vector unparticles at the LHC. In addition to the SM processes, there is a new contribution to the top-antitop pair production process mediated by unparticles in the s-channel. We have unparticle, respectively. In Ref. [27] , it is shown that the spin asymmetry of the top-antitop pairs in the SM will be measured with a precision of 6% after one LHC year at low luminosity, 10 fb −1 . Thus, the deviation of the top spin symmetry by the vector unparticle effects can be measurable. However, note that it is very rough estimation since the sensitivity of the ATLAS experiment on the spin correlation published in [27] was estimated selecting low energetic top quarks with M tt < 550 GeV. In order to estimate the sensitivity more accurately with a high M tt region for our case, we need elaborate Monte-Carlo simulations including the detector response.
We leave this interesting subject for future study.
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